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Abstract

Spermatogenesis is a highly orchestrated germ cell differentiation process involving the dynamic regulation of cell fate
transitions. Dissecting the molecular landscapes of spermatogenic cell types is crucial for identifying fertility-related
problems and improving the reproductive performance of farm animals. Here, we conducted transcriptomic and
chromosome spreading across meiotic stages of testicular cells from taurine cattle (Bos taurus), yak (Bos grunniens), and
their hybrid progenies to describe the transcriptional landscape of normal spermatogenesis and identify potential
regulators that are involved in hybrid sterility. The results revealed seven types of spermatogonia, ten spermatocytes and
ten types of spermatids in the cattle or yak testes. In sharp contrast, the testes of the cattle-yak hybrids contained only
seven spermatogonial subtypes and six types of spermatocytes. Notably, the arrest of spermatocytes at the diplotene-to-
diakinesis transition was accompanied by defects in double-strand break repair. In the testes of backcrossed offspring,
spermatogenic arrest was partially rescued, and round spermatozoa were produced. By performing joint analysis, we
identified 115 genes that exhibited differential protein abundance in spermatocytes of cattle-yak. Among them, 24 genes
carrying genomic structural variations were differentially expressed in spermatocytes of cattle-yak but recovered in those
of backcrossed offspring. This work provides important insights into spermatogenesis in large animals and serves as a
valuable resource for identifying the factors determining reproductive isolation.
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Introduction

Male fertility relies on the continuous and robust production of
functional sperm that transmit genetic and epigenetic informa-
tion to the next generation. Spermatogenesis is a hierarchical
cellular differentiation process involving mitosis of spermato-
gonia, meiosis of spermatocytes, and an elaborately organized
process termed spermiogenesis (de Rooij 2017; Griswold 2018;
Sohni et al. 2019). These elaborate organized events must be pre-
cisely regulated to ensure that the spermatogenic lineage is
properly preserved and that large numbers of sperm are pro-
duced (Eddy 1998). The gene expression patterns and critical reg-
ulators involved in spermatogenesis have been extensively
studied in mice, humans, and nonhuman primates via single-cell
RNA sequencing (scRNA-seq) (Green et al. 2018; Shami et al. 2020;
Di Persio et al. 2021). A recent study analyzed single-nucleus

transcriptome data of testes from 11 species and identified con-
served programs governing spermatogenesis during evolution
(Murat et al. 2023). Livestock species offer unique models for
understanding conserved and divergent mechanisms directing
mammalian spermatogenesis. In addition, the fertility of cattle,
which are major contributors to milk and beef consumption
worldwide, has declined in the last two decades (Royal et al.
2000; Charlier et al. 2016). However, changes in cell composition
and the dynamics of gene expression during spermatogenesis
are largely unknown in these species.

Spermatogenesis in bulls involves unique patterns of gene ex-
pression, spermatogenic cell fate decisions, and germline-niche
interactions within the seminiferous tubules (Staub and
Johnson 2018; Gewaily et al. 2020). The specification of bovine
primordial germ cells occurs 2 to 8 weeks after fetal develop-
ment, and this event appears to be governed by conserved
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regulatory programs across species (Magnusdottir et al. 2013;
Soto and Ross 2021). Female germ cells initiate meiosis, whereas
male germ cells enter the quiescent phase of the mitotic cell
cycle in gonads between 70 and 80 d of fetal age (Wrobel and
Suss 1998). The foundational SSC pool is established from the
prespermatogonia population in calf testes during the prepuber-
tal period (Curtis and Amann 1981). Preleptotene spermatocytes
transit into the meiotic phase, and after several rounds of differ-
entiation, full spermatogenesis is completed in the pubertal tes-
tis (Curtis and Amann 1981; Moura et al. 2011). The duration of
spermatogenesis in cattle is approximately 61 d, which is com-
parable to the 64 d in humans (Heller and Clermont 1963). For ex-
ample, although mouse SSC-enriched cultures have been
successfully established (Kubota et al. 2004; Takashima and
Shinohara 2018), similar conditions fail to support long-term
maintenance of primary spermatogonia in bulls (Fujihara et al.
2011; Oatley et al. 2016), indicating that undefined factors func-
tion to sustain SSC activities. A comprehensive and unbiased sur-
vey of undifferentiated spermatogonial subtypes and their
interactions with niches is required to fully understand the sig-
naling pathways that direct SSC fate decisions. Furthermore, dis-
secting the molecular identities of spermatogenic cells and
crucial factors in determining the efficiency of spermatogenesis
will facilitate the discovery of new male fertility markers and
the development of genetic approaches for improving bull fertil-
ity; these approaches have been largely ignored but are inevit-
able for increasing the efficiency of cattle production (Butler
et al. 2020).

Another unexplained mystery in spermatogenesis is hybrid
male sterility between closely related species in the Bovinae
subfamily. These species diverged millions of years ago and
contained the same number of chromosomes (2n=60); how-
ever, hybridization of different members of this subfamily often
causes male-specific fertility problems in F1 offspring, indicat-
ing incomplete reproductive isolation (Pathak and Kieffer
1979; MacEachern et al. 2009; Niayale et al. 2021). A well-
documented case of hybrid male sterility occurs between taur-
ine cattle and yak, two species belonging to the same genus
that diverged approximately 4.9 million years ago (Qiu et al.
2012). The female offspring of male taurine cattle and female
yak or the reciprocal cross are fertile, but the hybrid males
are sterile because of spermatogenic arrest in the meiotic
phase (Niayale et al. 2021). The Dobzhansky-Muller model pro-
poses that hybrid incompatibilities result from interactions be-
tween at least two genes that have independently diverged in
hybridizing species (Orr 1996). Meiosis defects are the major
causes of hybrid sterility, and genes that play crucial roles in
this process often contribute to speciation (Brideau et al.
2006; Mihola et al. 2009; Powers et al. 2020). PR domain con-
taining 9 (Prdm9) is the first and only hybrid sterility gene iden-
tified in vertebrates (Mihola et al. 2009). Prdm9 is a
meiosis-specific histone methyltransferase that directs DSB for-
mation and recombination in mice (Baudat et al. 2010).
Intersubspecific polymorphisms of the Prdm9 allele cause er-
rors in synapsis, recombination and sex body formation in hy-
brid house mice (Mihola et al. 2009; Bhattacharyya et al. 2013).
Spermatogenic problems in cattle-yak appear to differ from
those in hybrids of house mouse subspecies because, in add-
ition to meiotic arrest, undifferentiated spermatogonial fate de-
cisions are impaired (Shah et al. 2018; Zhang et al. 2024).

Furthermore, similar to the phenotype observed in interspecies
cat hybrids (Davis et al. 2015), spermatogenesis gradually re-
solves in the offspring of female cattle-yak through successive
backcrossing (Tumennasan et al. 1997). Despite these findings,
the identities of the spermatogenic subtypes, intricate gene ex-
pression patterns and candidate genes driving the hybrid ster-
ility of cattle-yak remain unclear.

In this study, we performed scRNA-seq and meiotic analyses to
examine the transcriptional signatures of germ cells and somatic
cell subtypes of testes in cattle and yak. We then analyzed tes-
ticular cell types of cattle-yak and first-generation backcrossed
offspring (BC1) and constructed developmental trajectories to
determine the fate transitions of spermatogenic cells.
Integrated analyses revealed a list of genes that likely play im-
portant roles in regulating spermatogonial development, mei-
osis, and spermiogenesis in yak and cattle. These findings
indicate that defects in prophase of meiosis | are the primary
cause of spermatogenic failure in cattle-yak hybrids, and that
these impairments are likely due to dysregulation of subsets of
genes in spermatocytes. Taken together, these results help eluci-
date the molecular regulatory network involved in cattle sperm-
atogenesis and provide valuable information for exploring the
mechanisms of speciation and reproductive isolation in large
animals.

Results

scRNA-seq scanning of testicular cells
reveals transcriptomic features of
spermatogenesis in cattle and yak

First, we generated single-cell transcriptome data from freshly
isolated cells from the testicular tissues of adult cattle and
yak. Histological examination confirmed the occurrence of
complete spermatogenesis in these samples (Figure Sla). A to-
tal of 23,522 cattle cells and 17,130 yak cells passed quality
control (Table S1), and the cells of each species were visualized
using uniform manifold approximation and projection (UMAP)
(Figure S1b and c). Somatic cells and germ cells are recognized
using specific markers, specifically INHA for Sertoli cells (Sohni
et al. 2019), IGF1 for Leydig cells (Shami et al. 2020), CDH5 for
endothelial cells (Stévant et al. 2018), CIQA for macrophages
(Guo et al. 2018), CD52 for innate lymph cells (Shami et al.
2020), RGS5 for smooth muscle cells (Guo et al. 2021), and
DDX4 for spermatogenic cells (Sohni et al. 2019) (Fig. 1a and
b; Figure S1d to f). The peritubular myoid cells were grouped
together with the Leydig cells (Fig. 1a and b). An average of
1,295 genes were detected in somatic cells, and 3,929 genes
were detected in the germ cells of cattle and yak (Table S1).
Next, we extracted germ cells to characterize the transcriptom-
ic patterns and subtypes of spermatogenic cells in cattle and
yak. Previously known marker genes in humans (Guo et al.
2018), cynomolgus macaques (Lau et al. 2020), and mice
(Green et al. 2018; Wang et al. 2019) were used to identify vari-
ous spermatogenic cells (EGR4, ASB9, MKI67, CRABPI, and
DMRT1 for spermatogonia; REC8, RAD51AP2, SYCP2, FKBPS6,
HORMAD2, AURKA, and CCNA1 for spermatocytes; SPACA3,
ACRV1, and LYZL1 for round spermatids; and HEMGN, PRM2,
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Figure 1 Overview of different cell types from scRNA-Seq analyses of yak and cattle testes. (a and b) Visualization of major cell types from the testes of
yak (a) and cattle (b) in UMAP. End: Endothelial cells, Inn: Innate lymph, Mac: Macrophages, M&L: Myoid cells and Leydig cells, SC: Sertoli cells, SMC:
smooth muscle cells. (c) The resulting integrated UMAP plots show the germ cell distributions from yak and cattle testes. (d) Visualization of germ cell
subtypes from the testes of yak and cattle in UMAP. Prelep: preleptotene spermatocytes, Lep: leptotene, Zyg: zygotene, Pach: pachytene, Dip & Sec. SPC:
diplotene spermatocytes and secondary spermatocytes, RS: round spermatids, ES: elongating spermatids, Imm.sperm: immature sperm. (e) The
expression of noted marker genes in integrated germ cell clusters for cattle and yak allowed the identification of cell types. The cluster numbers were
matched with the cattle and yak integrated UMAP in Figure S2a.
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SPATA19, SPATA3, TPPP2, and LELPI for elongating spermatids)
(Table S1). These analyses led to the identification of 48 clus-
ters of spermatogenic cells in yak and cattle (Figure S2a).
Pearson correlation coefficient analysis revealed that the cor-
responding germ cell subtypes of cattle and yak were strongly
correlated (Figure S2b). Among these, two types of undifferen-
tiated spermatogonia (Undiff1&2) and 5 types of differentiat-
ing spermatogonia in the early, middle, and late stages
(E-diff1&2, M-diff1&2, and L-diff, respectively) were classified
in the spermatogonial compartment. Similarly, ten distinct
types of spermatocytes (preleptotene, leptotene, zygotene,
pachytene 1-5, diplotene and secondary spermatocytes 1 &
2) and 11 types of spermatids (round spermatids 1-5, elongat-
ing spermatids 1-5, and immature sperm) were identified
(Fig. 1d and e).

Developmental trajectory and conserved
regulators of spermatogenesis in cattle
and yak

We then analyzed the expression of genes enriched in each clus-
ter (Figure S2a) and found that each spermatogenic cell subtype
exhibited its own transcriptomic signature, indicating successful
recognition of germ cell subpopulations (Figure S2c).
Pseudotime trajectory analysis revealed that all the germ cell
subtypes were arranged along the axis and generated two major
branching points with five distinct states (Fig. 2a to d). A compari-
son of the distribution of each type of germ cell subtype over the
entire differentiation trajectory revealed that the spermatogonial
subtype (E-diff1) and spermatocytes at meiosis | spanned branch
point 2, whereas the secondary SPC subtypes and round sperma-
tids (RS1-5) spanned branch point 1 (Fig. 2b). We next screened
gene expression dynamics over a pseudotime trajectory, and
five distinct patterns were detected (Fig. 2e). The genes in group
1 were involved mainly in cellular metabolic and molecular bio-
synthetic processes; the genes in group 2 were associated with
spermatogonial differentiation and spermatocyte meiosis, in-
cluding the cell cycle process, mitotic cell cycle, cell cycle phase
transition, chromosome segregation, DNA repair, double-strand
break repair, and meiotic nuclear division; the genes in group 3
were involved in male gamete generation and spermatid differ-
entiation; the genes in group 4 were related to cilium organiza-
tion and movement and flagellum-dependent cell motility; and
the genes in group 5 were associated with protein modification
and catabolic processes (Fig. 2e). Notably, the expression of rep-
resentative genes for each germ cell subtype (ASB9, UCHL1, RADX,
and MKI67 for spermatogonia; REC8, STRAS, HSPA2, and AURKA
for spermatocytes; and FAM170B and SPEM?2 for spermatids) dif-
fered along the pseudotime axis (Fig. 2f). Most genes were coex-
pressed in various germ cell subtypes of yak and cattle
(Figure S3a; Table S1), and only a small number of genes were ex-
pressed in only cattle or yak or exhibited high expression levelsin
yak but very low expression levels in cattle (or vice versa)
(Figure S3b; Table S1). These data demonstrated that the cellular
composition and developmental trajectory of cattle and yak cells
were similar, indicating that the core transcriptional programs
regulating the fate transition of spermatogenic cells are mostly
conserved.

scRNA-Seq analyses of testicular cells
from cattle-yak and backcrossed offspring

After revealing the molecular patterns of spermatogenesis in cat-
tle and yak, we next examined the spermatogenic subtypes in
cattle-yak and its first-generation backcrossed offspring (BC1).
Spermatogenic defects observed in cattle-yak is gradually recov-
ered in backcrossed progenies (Niayale et al. 2021). In this study,
cattle-yak was produced by crossing female yak with a male cat-
tle, and all BC1 animals were generated by breeding female
cattle-yak with another male cattle (Fig. 3a). The testis weight
significantly decreased in the cattle-yak males but increased in
the BC1 males (88.22+10.76 g vs 69.70 +14.40 g, P<0.001)
(Fig. 3b; Table S2). We conducted hematoxylin and eosin (H&E)
staining on cross-sections of testicular tissues from cattle-yak
and BC1, which were used for scRNA-seq, and found that the
seminiferous tubules of cattle-yak contained only spermato-
gonia and a small number of spermatocytes; notably, those of
BC1 contained spermatogonia, spermatocytes, and a limited
number of spermatids (Fig. 3c, Figure S4a and b). The number
of spermatogonia and spermatocytes significantly increased,
and the number of apoptotic cells decreased in the BC1 com-
pared with those in the cattle-yak (P<0.01) (Figure S5a to d).
Evaluation of the acrosome status by peanut agglutinin (PNA)
staining revealed the presence of round spermatids and elongat-
ing spermatids in all BC1 testes examined; however, the density
and developmental stage of the spermatids in each sample were
slightly different (Figure S4c). Because spermatids were not pre-
sent in the epididymis of BC1, we isolated elongating spermatids
from the seminiferous tubules of these BC1 males and performed
PNA staining. The results revealed that almost all the heads of
elongating spermatids presented varying degrees of morpho-
logical abnormalities (Fig. 3d). We then tested the function of
spermatids in BC1 testes and found that these spermatids were
able to fertilize yak oocytes after microinsemination by intracyto-
plasmic injection, and approximately 20% of fertilized embryos
developed into blastocysts (Fig. 3e to f), indicating that despite
being low in number, the spermatids in the BC1 testis were func-
tional after microinsemination.

We then generated single-cell transcriptomic profiles of tes-
ticular cells from cattle-yak and BC1 males to examine the cellu-
lar and molecular changes associated with the partial recovery of
spermatogenesis. Because cattle-yak and their backcrossed off-
spring are hybrid animals that carry their parental genetic infor-
mation, therefore we used yak and taurine cattle reference
genomes to identify transcripts in the testicular cells of these
two animals. There were six types of somatic cells in the
cattle-yak, and a dramatic difference in the cellular composition
of the germ cells was detected (Fig. 3g; Figure S5e to g). Only 11
clusters of various subpopulations of spermatogenic cells were
identified (Figure S5g). An average of 5,024 genes were expressed
in these germ cells (Table S2). The cells in clusters 0, 1, 2, 3,5, 6, 8,
and 10 were spermatogonia, and those in clusters 4, 7, and 9
were spermatocytes; the expression of spermatid-enriched
genes, such as SPACA3, ACRV1, and LYZL1, did not appear in
any of the clusters (Figure S5h). The genes identified from the
spermatogonia were enriched in the mitotic cell cycle, cell cycle
phase transition, and cellular metabolic/biosynthetic processes.
The genes in the spermatocytes were related to the meiotic cell
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staining of testicular tissue from cattle-yak (left) and BC1 (right), which were from one of the samples used for scRNA-Seq (related to BC1 in Figure S4),
scale bar =50 um. Spermatogenic cells beyond the spermatocyte stage were not visible in the cattle-yak, and spermatogenic defects were alleviated in
the BC1 compared with those in the cattle-yak. SPG: spermatogonia, SPC: spermatocytes, RS: round spermatids. ES: elongating spermatids. (d) Penaut
agglutinin (PNA) staining of spermatids isolated from BC1 testes. PNA staining was used to assess the acrosomal status. Scale bar =10 um. (e and f) The
function of BC1 spermatids was evaluated via intracytoplasmic injection into yak oocytes, and a proportion of cleavage-stage embryos and
blastocyst-stage embryos were obtained; scale bar =50 um. (g-i) scRNA-Seq data were analyzed with the taurine cattle genome. (g) UMAP annotation
for the germ cells of cattle-yak resulting in only two subtypes, spermatogonia and spermatocytes. (h) UMAP annotation for the germ cells of BC1
resulting in the identification of spermatogonia, spermatocytes, round spermatids, and elongating spermatids. (i) The expression of noted marker genes
in clusters of cattle-yak and BC1 germ cells allowed the identification of cell types.
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cycle, nuclear division, and chromosome segregation (Table S2).
In total, the preliminary screening of 1,640 spermatogonia
(78.58%) and 447 (21.42%) spermatocytes revealed the entire
germ cell subpopulation of the cattle-yak (Table S2). These
dataillustrated that the fate decisions of undifferentiated sperm-
atogonia and meiosis progression are two major defects that re-
sult in spermatogenic arrest in cattle-yak.

We then performed a similar analysis on BC1 testes. To capture
all types of spermatids in the BC1 animals, three BC1 samples
were pooled for scRNA-seq analysis. The transcriptome land-
scape of testicular cells from these animals was different from
that of cattle-yak cells (Fig. 3h and i; Figure S6, Table S3). As ex-
pected, transcripts specific for elongating spermatids were pre-
sent in the testes of these animals (Figure S6d and e; Table S3).
Despite significant reductions in number, the seminiferous tu-
bules of BC1 animals contained spermatogonia, spermatocytes,
round spermatids and elongating spermatids, indicating partial
recovery of spermatogenesis (Fig. 4). These cells were distributed
into 13 clusters (Figure S6c), and an average of 4,666 genes were
expressed in each cell (Table S3). Like those in adult yak and cat-
tle, the germ cellsin 12-month-old BC1 exhibited a continuous de-
velopmental trajectory (Figures S6e, and 7a and b). The testes of
12-month-old BC1 contained 21.40% and 8.38% spermatocytes
and spermatids, whereas those of aged matched cattle-yak con-
tained only 0.87% spermatocytes (Figure S7c and d). These data
indicated that the subtypes of germ cells in 12-month-old BC1 cat-
tle were similar to those in adult yak and cattle. Furthermore, we
analyzed the data for cattle-yak and BC1 using the yak genome,
and the same cell composition and detectable expressed genes
were used for subsequent multicombination comparisons
(Figure S8; Tables S2 and S3). Overall, we found that spermato-
genic defects were partially recovered in BC1 animals, although
the overall number of each spermatogenic cell type was lower
than that in cattle or yak, and the gene expression of each sper-
matogenic cell was slightly different.

Detection of synapsis, DSB repair and
reductional meiosis recombination
frequencies in cattle-yak

Although it has been known for years that spermatocyte develop-
ment is blocked in cattle-yak, a detailed analysis of meiosis pro-
gression is still lacking. Next, we used spermatocyte nuclear
spreading across meiotic stages, which involves chromosome
synapsis and homologous recombination, to detect the process
of meiosis prophase | (Zickler and Kleckner 2015). The staining
of SYCP1 and SYCP3, components of the synaptonemal complex,
revealed the presence of spermatocytes at the leptotene, zygot-
ene, pachytene, diplotene, and diakinesis stages in the cattle-yak
(Fig. 5a, Figure S9a). The ratio of pachytene spermatocytes de-
creased, but leptotene, diplotene, and diakineses spermatocytes
increased in cattle-yak, indicating abnormal meiosis progression
(Fig. 5b). Furthermore, quantitative analysis revealed that the
percentage of pachytene spermatocytes with normal synapsis
was lower in cattle-yak than that in yak (86.17 +£2.27% vs 97.07
+0.82%, P<0001), indicating defects in pachytene synapsis
(Figure S9b). We then investigated whether the formation or re-
pair of DSBs was impaired in the cattle-yak. During meiosis in

male mammals with normal fertility, homologous recombination
is initiated from DSBs, which start from the leptotene of meiosis I,
go through zygotene and pachytene spermatocytes and are
marked by yH2AX (Zakharyevich et al. 2010). DSBs are catalyzed
by the endonuclease SPO11, and their subsequent repair in-
volves the recombinases RAD51 and DMC1 (Cloud et al. 2012).
All DSBs in autosomal chromosomes are completely repaired
in pachytene spermatocytes; however, the DSBs in sex chromo-
somes are not repaired until the diplotene phase of spermato-
cytes (Cloud et al. 2012). yH2AX staining was first detected in
leptotene spermatocytes of both yak and cattle-yak (Fig. 5d),
and a comparable number of RAD51 foci were present in lepto-
tene spermatocytes of yak and cattle-yak (Fig. 5c), indicating
that DSBs were properly initiated and then started the repair pro-
cess at this stage. In yak, only a few RAD51 foci were present on
the XY chromosomes of pachytene spermatocytes; however,
RAD51 foci remained on autosomes in cattle-yak at this stage
(Fig. 5c and f). We found that the X and Y chromosomes remained
unsynapsed in yak and cattle-yak spermatocytes (Fig. 5a). As ex-
pected, yH2AX staining was detected only in sex bodies in pachy-
tene spermatocytes of yak; however, it was detected on
autosomes, and the staining signal on sex bodies was absent
in pachytene spermatocytes of cattle-yak, indicating that the for-
mation of sex bodies was impaired (Fig. 5d and g). These data
suggest that the DSB repair process and the formation of sex
bodies in pachytene spermatocytes are abnormal and incom-
plete in cattle-yak (Fig. 5e and h).

The presence of spermatids in the BC1 testis indicated that the
DSBs were at least partially repaired. Indeed, the number of
RAD51 foci in BC1 was significantly lower than that in cattle-yak
(P<0.05) (Fig. 5i and j). Moreover, a certain number of DSBs re-
mained in autosomes for some pachytene spermatocytes in
BC1, but the sex bodies formed in ~50% of the pachytene sper-
matocytes, and a much lower number of YH2AX foci were present
in BC1 spermatocytes than in spermatocytes of cattle-yak (Fig. 5k
and 1), indicating that a greater proportion of spermatocytes
formed the sex body. Interestingly, the formation of spermatids
was independent of the PRDM9 genotype in BC1 (Figure S9b).
Prdm9 is responsible for hybrid male sterility because of its asym-
metric binding in mice (Davies et al. 2016), and its zinc finger (ZF)
array directs the positions of DSBs by binding to specific DNA se-
quences (Grey et al. 2011). The PRDM9 gene is also polymorphic
in cattle (Ahlawat et al. 2017), and we detected six and five ZF do-
mains of PRDM9 in cattle and yak, respectively. The composition
of germ cells in the seminiferous tubules of BC1 was not related
to the number of ZF arrays (Figure S9c to d). Together, these data
suggested that the meiosis error was partially recovered in BC1
animals and that a novel genetic mechanism likely causes hybrid
sterility in cattle-yak.

Differential gene expression in
undifferentiated spermatogonia
associated with hybrid sterility

Considering that the proliferation and differentiation of undiffer-
entiated spermatogonia is the first and most fundamental event
in spermatogenesis, we extracted spermatogonia and conducted
integrated analyses to elucidate differences in the fate
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cattle-yak, and BC1.

transitions and developmental trajectories of yak, cattle, and
their hybrid progenies. The yak genome and taurine cattle gen-
ome were used for both cattle-yak and BC1. In total, spermato-
gonia (yak: 2,446; cattle: 3,061; cattle-yak: 1,452 (taurine cattle
genome), 1,591 (yak genome); BC1: 2,498 (taurine cattle gen-
ome), 2,780 (yak genome)) were extracted, and these cells
were divided into 25 clusters (Figure S10a; Table S4) and further
assigned to two different undifferentiated spermatogonial

clusters (Undiffl and Undiff2), two early differentiated spermato-
gonial clusters (E-diffl and E-diff2), two middle differentiated
spermatogonial clusters (M-diff1 and M-diff2), and one late differ-
entiated spermatogonial cluster (L-diff1) (Fig. 6a; Figure S10b-d).
The numbers of all seven subtypes of spermatogonia in cattle
and yak were equivalent. In contrast, virtually every spermato-
gonial subtype in cattle-yak was less abundant, and the reduc-
tion in cell number was alleviated in BC1 (Fig. 6b; Table S4).
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spermatogonial subtypes of the BC1 testes.

Next, based on the taurine cattle genome for cattle-yak and
BC1, we integrated the cells of cattle, yak, and cattle-yak to de-
tect genes that potentially determine the imbalanced fate deter-
mination within subtypes of undifferentiated spermatogonia.
Compared with those in cattle and yak, a total of 5,843 differen-
tially expressed genes (DEGs) were identified in the spermato-
gonia of cattle-yak (Table S4). We hypothesized that genes
whose expression was up- or downregulated in the cattle-yak
but returned to normal levels in BC1 likely had a role in hybrid
sterility. Therefore, we screened genes that exhibited such ex-
pression patterns, and as a result, 3,917 DEGs were identified
by comparing the cells from cattle-yak and BCl (Fig. 6c;
Table S4). Two undifferentiated spermatogonial subtypes

(Undiffl and Undiff2) from cattle-yak exhibited dramatic differ-
ences in gene expression (Fig. 6¢; Table S4). In total, 2,930 genes
(36.51%) in cattle-yak returned to normal levels in BC1, whereas
5,095 genes (63.49%) in cattle-yak still presented abnormal ex-
pression levels in BC1 (Fig. 6¢ and d; Table S4). Both types of un-
differentiated spermatogonia had greater recovery ratios
(42.41% and 40.72%) than the average recovery ratio of all the
spermatogonia subtypes (32.42%). Notably, we identified a list
of genes whose expression was downregulated in cattle-yak
but upregulated in BC1 in various spermatogonial subtypes
(Figure S10d; Table S4).

Similarly, we also used the same methods and screened the
dysregulated genes in cattle-yak but recovered in BC1 based
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using the yak genome as a reference. A total of 5,310 DEGs were
identified in the spermatogonia of cattle-yak, and 3,960 DEGs
were identified by comparing the cells from cattle-yak and
BC1. In total, 3,259 genes (42.23%) in cattle-yak returned to nor-
mal levels in BC1, whereas 4,458 genes (57.77%) in cattle-yak still
presented abnormal expression levels in BC1. Both types of un-
differentiated spermatogonia had greater recovery ratios
(56.49% and 52.72%) than the average recovery ratio of all the
spermatogonia subtypes (38.62%). Furthermore, when the two
genomes of cattle-yak and BC1 were compared, 1,986 genes
were recovered from BC1 (Table S4). These analyses revealed
candidate genes that have potential roles in determining sperm-
atogonial fate decisions in hybrid animals.

Screening genes associated with meiotic
defects in spermatocytes of cattle-yak

Although differences in cell fate decisions and gene expression
exist in spermatogonia, these cells can still enter meiosis and
form primary spermatocytes. We conducted an integrated ana-
lysis of spermatocytes and screened genes that may be in-
volved in meiotic arrest. To this end, we extracted
spermatocytes and further characterized the molecular iden-
tities of the spermatocytes, among which cattle-yak and BC1
were analyzed using taurine cattle and yak genomes (Fig. 7a;
Figure S1la and b; Table S5). The overall number of spermato-
cytes (255 in taurine cattle and 257 in yak genomes) in
cattle-yak was less than 10% of that in cattle (2,998) and yak
(4,566). The spermatocyte population increased more than
4-fold (1,360 in the taurine cattle genome and 1,297 in the
yak genome) in BC1, indicating partial recovery of spermato-
cyte arrest (Fig. 7b; Table S5). In the cattle-yak, the ratios of
preleptotene spermatocytes to diplotene spermatocytes and
secondary spermatocytes 1 decreased, but advanced secondary
spermatocytes were missing (Fig. 7b). These cells reappeared in
the BC1 testes; the number of all spermatocyte subtypes was
greater than that in the cattle-yak testes (Fig. 7b).

A DEG analysis of cattle-yak and BC1 revealed 1,947 upregu-
lated and 1,430 downregulated genes in the spermatocytes of
cattle-yak compared with those of yak and cattle (Table S5).
We subsequently examined DEGs in spermatocytes of BC1 and
identified 1,632 upregulated and 1,025 downregulated genes
compared with those in cattle-yak (Table S5). These genes
were assigned to different spermatocyte subtypes: 121 genes in
preleptotene, 13 in leptotene, 26 in zygotene, 307 in pachytene
spermatocytes, and 1,300 in Dip & Sec. SPC1 spermatocytes re-
turned to normal in BCl (40.14%), whereas 2,310 genes
(59.86%) did not change (Fig. 7c and d; Table S5). Compared
with the average recovery ratio of all spermatocyte subtypes
(25.11%), the recovery ratio of SPC1 spermatocytes was greater
(28.14% and 61.21%).

We also employed the same methods and screened the genes
dysregulated in cattle-yak but recovered in BC1 based on the yak
genome. A total of 3,284 DEGs were identified in the spermato-
cytes of cattle-yak, and 2,338 DEGs were identified by comparing
the cells from cattle-yak and BCL. In total, 1,830 genes (45.55%)
in cattle-yak returned to normal levels in BC1; interestingly, 2,188
genes (54.45%) in cattle-yak still displayed abnormal expression

levels in BC1. Compared with the average recovery ratio of all the
spermatocyte subtypes (34.11%), the recovery ratio of SPC1 sper-
matocytes was greater (44.32% and 68.72%). Furthermore, in the
comparison of the two genomes for cattle-yak and BC1, 1,233
genes were recovered in BC1 (Table S5). Notably, the transcripts
recovered in preleptotene of BC1 were involved in metabolism
and biosynthetic processes, and those recovered in pachytene
and diplotene spermatocytes were closely related to the meiosis
process, including nuclear division, metaphase/anaphase transi-
tion of the cell cycle, chromosome segregation, double-strand
break repair, and the DNA damage response and repair
(Figure S11c and d; Table S5).

Collectively, these data revealed that the dysregulation of
genes in spermatocytes of cattle-yak became more severe with
the progression of meiosis, whereas genes with greater recovery
ratios were present in BC1. Together with the results of the nu-
clear spreading analysis, we concluded that meiosis is blocked
at the late diplotene and secondary spermatocyte stages in F1
cattle-yak hybrids and that a small proportion of spermatocytes
develop throughout the whole process to form spermatids in
BC1.

Disrupted meiotic sex chromosome inactivation and gene up-
regulation on sex chromosomes are important factors in hybrid
male sterility in mice, and the underlying mechanism is also pre-
sent in cats (Davis et al. 2015). Therefore, we tested 1,056
X-linked genes and found that 41 genes were highly expressed
in pachytene, diplotene and secondary spermatocytes in
cattle-yak. X-linked genes constituted 13.36% of all upregulated
genes in the pachytene spermatocytes of cattle-yak.
Interestingly, the expression levels of these genes in these BC1
cells were comparable to those in yak and cattle, indicating
that they returned to normal levels (Fig. 8; Table S6). These
data further illustrated the existence of abnormal meiotic sex
chromosome inactivation in spermatocytes of cattle-yak.

Screening genes associated with impaired
spermiogenesis in BC1 males

Next, we examined the molecular identities of spermatids in BC1
testes and attempted to screen candidate genes causing defect-
ive spermiogenesis in these animals. Spermatids were extracted
from yak (3,933 cells), cattle (3,576 cells) and BC1 (435 from the
taurine cattle genome and 442 from the yak genome), and differ-
ent subtypes of spermatids, including five round spermatid sub-
types (RS1, RS2, RS3, RS4, and RS5), five elongating spermatid
subtypes (ES1, ES2, ES3, ES4, and ES5), and immature sperm,
were identified (Fig. 7e). The proportions of various subtypes of
spermatids decreased in BCl (Fig. 7f, Figure S12a and b;
Table S7). A total of 1,544 DEGs were detected in BC1 compared
with yak and cattle, and 1,213 DEGs were screened in BC1 using
the yak reference genome (Table S7). The majority of DEGs ex-
isted in round and early elongating spermatids, with a significant
proportion of upregulated genes in BC1, indicating the impair-
ment of transcription programs that negatively control gene ex-
pression (Fig. 7g; Table S7). In total, in the comparison of the two
genomes for BC1, 106 upregulated and 189 downregulated genes
in round spermatids and 90 upregulated and 127 downregulated
genes in elongating spermatids were screened in BC1 (Table S7).
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The DEGs implicated in this critical process for spermiogenesis revealed that although spermatids were formed in early back-

were further elucidated through ClueGO analysis (Figure S12c). crossed males, these spermatids were rare in number, and the
This analysis revealed that genes involved in the regulation of gene expression signatures did not fully recover to normal levels
spermatid development and differentiation, sperm capacitation, in cattle or yak. These data provide important information for
dephosphorylation and flagellated sperm motility were all al- further examination of candidate genes involved in hybrid steril-

tered in the spermatids of BC1 animals. Together, these data ity related to spermatid differentiation.
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Genomic structural variations in
differentially expressed genes related to
hybrid sterility in cattle and yak

Hybrid incompatibilities caused by genomic structural variations
(SVs) have been identified in other species (Shen et al. 2017). SVs
widely exist in the yak and taurine cattle genomes, and these
genetic differences play important roles in yak adaptation and
domestication (Zhang et al. 2021; Gao et al. 2022). During mei-
osis, abnormal DNA replication, break repair, and recombination
are associated with SV formation (Segura-Wang et al. 2017). We
focused on the genes whose expression was up- or downregu-
lated in the spermatogenic cells of the cattle-yak testes but re-
turned to normal levels in BC1 compared with that in the
cattle and yak (using the yak genome or the taurine cattle gen-
ome). We next asked whether these restored DEGs carried SVs
and identified a total of 661 genes that contained SVs in intronic,
exonic, or untranslated regions or 150 bp upstream and down-
stream flanking regions (Table S8). Among these genes, 528
were upregulated and only 133 were downregulated in the sper-
matogenic cells of the cattle-yak. These SVs were associated with
upregulated genes in spermatogonia and downregulated genes
in spermatocytes. Specifically, 85.42% (451) of the upregulated
genes were assigned to spermatogonia, whereas 100% (133) of
the downregulated genes were detected in spermatocytes
(Fig. 9a; Table S8). More than 95% of these SVs were in intronic
or upstream and downstream regions of genes, including
TDRD1 in spermatocytes (Fig. 9b; Table S8). Similarly, we found
that 48 and 36 SV harboring DEGs in round and elongating sper-
matids were associated with SVs (Fig. 9c). These data suggest
that SVs in the regulatory regions of genes are likely associated
with gene expression in the spermatogenic cells of cattle-yak
and BCL1.

To reveal the associations between SVs and differential gene
expression in the cattle-yak testis, we first analyzed bulk
RNA-seq data from testicular tissues of cattle, yak, and cattle-yak
(n=6 for each) and identified a total of 7,741 DEGs from 23,158
genes in the testes of cattle-yak. Previously, we reported that
6,733 highly selected SV genes are signatures associated with
the genetic divergence of cattle and yak (Gao et al. 2022) and fur-
ther extracted 6,204 genes that were expressed in the testes of
taurine cattle, yak, cattle-yak, and BC1. Using these two datasets,
we conducted Fisher’s exact test (two-sided), and the results re-
vealed that a greater proportion of genes containing SVs were
differentially expressed, indicating a significant association be-
tween SVs and gene expression (P=1.75x10">, Table S9).
Next, we tested whether DEGs were associated with SVs in differ-
ent spermatogenic subpopulations using scRNA-seq data from
cattle, yak, cattle-yak and BC1 testes (Table S10). SVs and
DEGs were associated in undifferentiated spermatogonia, differ-
entiated spermatogonia, and secondary spermatocytes (P<
0.05, Table S10). Finally, because meiosis arrest is the main cause
of spermatogenic failure in cattle-yak and this impairment was
partially reversed in BC1, we analyzed the restored DEGs that ex-
hibited differential protein abundance and further asked
whether these DEGs contained SVs. To this end, we compared
the lists of restored DEGs with differentially abundant proteins
(DAPs) in spermatocytes of cattle-yak (Wu et al. 2023) and iden-
tified 115 genes whose mRNA and protein expression were

dysregulated in spermatocytes of cattle-yak. These genes are in-
volved in piRNA processing, transposable element silencing,
chromosome condensation, P granule organization, and other
biological processes related to spermiogenesis (Fig. 9d;
Table S11). Among these DEGs, 24 genes carrying SVs have
known functions in meiosis and spermiogenesis, including
TDRD1, CLGN, CDK5RAP2, and DDHDI (Fig. 9e; Table S11).
These results revealed a potential relationship between SV and
disordered DNA repair and reduced recombination frequency
during meiosis in cattle-yak.

Discussion

Hybrid sterility between closely related species serves as a re-
productive barrier and often occurs in male offspring of mam-
mals following Haldane’s rule (Coyne 1985). Hybrid male
sterility (HMS) is predominantly caused by meiotic arrest, which
results in the death of spermatocytes and sterility. Defects in
meiosis have been documented in hybrids between blue foxes
and silver foxes (Gustavsson et al. 1988), horses and donkeys
(Yang et al. 2004), and interspecies felines (Davis et al. 2015).
Genetically, hybrid incompatibility is caused by genomic varia-
tions arising from evolution between parental species, includ-
ing differences in the sequence, structure, and location of
protein-coding genes or noncoding DNA (Lemmon and
Kirkpatrick 2006). Although dissecting differential gene expres-
sion in the testes of hybrids and their parents is insufficient to
reveal the genetic mechanisms of HMS because most DEGs are
a consequence of spermatogenic arrest, not the direct cause of
sterility, understanding the cell composition, developmental
trajectory of spermatogenic cells, and cell-specific changes in
gene expression in hybrids is crucial (Runemark et al. 2025).
Therefore, exploring the transcriptomic landscape of various
spermatogenic cells is a prerequisite for identifying hybrid
male sterility factors (Civetta 2016). In this study, we investi-
gated the cellular composition and gene expression dynamics
of spermatogenesis in cattle, yak, cattle-yak, and BC1. We ex-
plored intricate gene expression patterns related to hybrid ster-
ility in cattle-yak. Because the X chromosome is proposed to
play a major role in the reproductive isolation of closely related
mammalian species (Larson et al. 2016), we examined the ex-
pression of X chromosome-linked genes in the spermatocytes
of cattle-yak hybrids. Combined with histological and meiotic
progression analysis, we showed that meiosis failure is the pri-
mary cause of hybrid sterility in cattle-yak and that this change
is partially reversed in backcrossed progeny. We also identified
24 genes carrying genomic SVs that potentially play a role in
the hybrid incompatibility between cattle and yak and likely
other species from the Bovinae subfamily.

Identifying testicular cell subtypes and corresponding gene ex-
pression signatures is indispensable for obtaining a comprehen-
sive understanding of spermatogenesis. Using data from mice
(Green et al. 2018), humans (Sohni et al. 2019; Guo et al. 2021),
and nonhuman primates (Lau et al. 2020) as references, we ac-
curately recognized all testicular somatic lineages and spermato-
genic cells. We assigned Sertoli cells, macrophages, endothelial
cells, peritubular myoid cells, Leydig cells, innate lymph cells,
smooth muscle cells, and various subtypes of germ cells. In total,
11 subtypes of spermatogonia, ten subtypes of spermatocytes,
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five subtypes of round spermatids, and five subtypes of elongat-
ing spermatids and immature sperm were identified for both yak
and cattle. Although testicular single-cell transcriptomics of
cattle-yak has been reported recently (Mipam et al. 2023; Wang
et al. 2023), these studies did not examine germ cells from taur-
ine cattle and lacked detailed analyses to reveal the molecular
signatures of different spermatogenic cells. We identified a list
of genes that were exclusively expressed in only one or several
germ cell subtypes. These genes were expressed in various
germ cell subtypes ranging from undifferentiated spermatogonia
to immature sperm. Most genes were shared by cattle and yak,
but a minority of genes were expressed only in cattle or yak.
These results indicate that conservation and divergence coexist
in the germ cells of cattle and yak. Species-specific genes may
have important functions in the genomic incompatibility that
causes hybrid sterility.

The hybrid sterility of cattle-yak and backcrossed progeny is
a complex phenotype that involves defects in all three phases
of spermatogenesis. Spermatocytes are the most advanced
germ cells in the seminiferous tubules of cattle (Niayale et al.
2021). Spermatids are present in the testes of backcrossed an-
imals, but a detailed analysis is lacking (Zhao et al. 2023). In
this study, we examined the molecular identities of spermato-
genic cells in BC1 testes, which partially recover spermatogen-
esis. We used testicular samples from 12-month-old BC1,
similar to those from the testes of adult yak and cattle, and
spermatogenic cells from BC1l at this developmental stage
included spermatogonia, spermatocytes, and spermatids.
Compared with yak and cattle, the number of each subtype
of spermatocytes was extremely low, and meiosis was com-
pletely arrested at the diplotene and diakinesis stages. The
number of pachytene spermatocytes was also low and abnor-
mal synapsis was more frequent in cattle-yak, but we specu-
lated that a subset of pachytene spermatocytes passed this
check point before being completely arrested at the final stage
of meiosis I. Interestingly, the numbers and subtypes of meiotic
cells increased, and a proportion of spermatocytes successfully
underwent meiosis and entered the early stage of spermiogen-
esis process in BC1 testes. We detected the presence of elong-
ating spermatids in the testes of BC1, which can serve as a
resource to screen candidate genes that guide meiosis progres-
sion and direct the early stage of spermatid development.
Notably, although the three BC1ls used in scRNA-seq are de-
rived from the same male parent, substantial differences in
genetic composition still exist among them. Therefore, al-
though spermatocytes in each BC1 sample successfully com-
pleted the meiosis process and further developed into
spermatids, the density, and developmental stage of the sper-
matids in each BC1 sample slightly differed.

The genes that were dysregulated in the cattle-yak but recov-
ered in BC1 were related to all aspects of meiosis, including chro-
matin condensation, chromosome synapsis, initiation and repair
of DSBs, homologous recombination, crossovers formation,
metaphase chromosome segregation, and spindle stability.
During mammalian meiosis, the prophase of meiosis | is a re-
markable event, as the key genetic material exchange process-
chromosome synapsis and homologous recombination occur in
a successive order during preleptotene, leptotene, zygotene,
pachytene, diplotene, and diakinesis (Lie et al. 2009). There is a
strong relationship between the collapse of spermatogenesis

and the disruption of synapsis and abnormal homologous re-
combination (Mu et al. 2014; Zickler and Kleckner 2015; Floriot
et al. 2021). Interestingly, unlike what was observed in a hybrid
house mouse line (Davies et al. 2016), only approximately 13%
of pachytene spermatocytes in cattle-yak exhibited abnormal
synpasis. Meiotic arrest coincided with DSB retention in pachy-
tene spermatocytes, a lower homologous recombination ratio,
and the absence of yH2AX-marked sex bodies in cattle-yak hy-
brids. Consistent with these findings, the expression of X-linked
genes was upregulated in spermatocytes of these F1 hybrids.
Because the disruption of meiotic sex chromosome inactivation
and the overexpression of X-linked genes are strongly associated
and constitute the key molecular mechanism that causes hybrid
sterility (Turner 2015), we propose that genes that are dysregu-
lated but recovered in BC1, especially those located on the X
chromosome, are strong candidates for further investigation of
the underlying mechanisms of meiotic failure and spermatid
development.

Screening genetic variations between cattle and yak is a cru-
cial step in identifying genes dictating reproductive isolation in
the Bovinae subfamily. The Dobzhansky-Muller model proposes
that hybrid sterility between closely related species is caused by
genetic incompatibilities of divergent alleles (Orr 1996). Previous
works have established crucial roles of single-nucleotide poly-
morphisms and cis-regulatory elements in regulating hybrid via-
bility or sterility (Mack and Nachman 2017; You et al. 2023).
Recent work has shown that SVs have profound effects on vari-
ous biological processes (Alkan et al. 2011) and that these types
of large-scale mutations can also impact speciation (Stuart et al.
2023). The deleterious effects of SVs on the expression of speci-
ation genes have been verified in hybrid male sterility in plants
(Shen et al. 2017). These SVs can change gene expression and
cause defects in meiotic recombination, therefore resulting in
failure of proper gametogenesis. These findings suggest that
SVs between yak and cattle may cause deleterious consequences
in the spermatogenesis of hybrid offspring, especially in the mei-
otic phase. In this study, we showed that SVs and differential
gene expression were significantly associated. A number of
SV-harboring genes were dysregulated in the spermatogonia
and spermatocytes of cattle-yak but were restored to normal ex-
pression levels in the cells of BC1 males, indicating their possible
involvement in spermatogenic recovery. The expression patterns
of these genes were completely opposite in spermatogonia and
spermatocytes. Specifically, most of these SV-carrying genes
were upregulated in the spermatogonia but downregulated in
the spermatocytes of cattle- yak. Integrated analysis with com-
parative proteomic data resulted in the identification of 24 can-
didate genes causing spermatogenic arrest, especially meiotic
problems in cattle and yak. Dissecting the functional role of se-
quential variations in meiotic genes is essential for understand-
ing the genetic basis of meiotic recombination (Johnston
2024). Therefore, all these DEGs carrying SVs constitute a dataset
for subsequent screening for key molecules involved in abnormal
spermatogonial differentiation and meiotic arrest in cattle-yak
and aberrant spermiogenesis in BC1 males. Because the expres-
sion of the majority of the DEGs identified in this study is likely
caused by the incompatibility of causative genes in hybrid ani-
mals, the mechanisms underlying the expression and functions
of these SV genes in spermatogenic cells await further
investigation.
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Materials and methods

Animals

All animal experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals and were ap-
proved by the Animal Ethics and Welfare Committee at the
Northwest Institute of Plateau Biology, Chinese Academy of
Sciences (approval code: hwipb012). Testicular tissues were ob-
tained under local anesthesia according to a previously described
approach (Li et al. 2020). Testis weights were calculated from data
from 18 cattle, 21 yak, 37 cattle-yak, and 13 BC1 individuals
(Table S2). Freshly collected testicular samples from cattle (n=3,
3 years old), yak (n =4, 3 years old), cattle-yak (n=5, 3 years old),
and backcrossed offspring (BC1, n=3, 1 year old) were used for
scRNA-seq analysis. The cattle-yak were produced by crossing five
different female yak with a male cattle, and the BC1 animals were
generated by breeding three female cattle-yak with another cattle
bull. Briefly, the caudal epididymis and tunica vaginalis were
trimmed and washed with PBS three times. Fresh testicular samples
were cut into small pieces and then treated as follows: one part was
used to prepare a single-cell suspension for scRNA-seq; one part was
placed in 4 °C storage medium (70% Dulbecco’s modified Eagle’s
medium/F12 (DMEM/F12), 20% FBS, and 10% dimethyl sulfoxide)
for 2 h, then —20 °C for 2 h, —80 °C overnight, and finally transferred
to liquid nitrogen for further analysis (Zhang et al. 2013); further-
more, other slices were immobilized in 4% paraformaldehyde
(PFA) for immunohistochemistry and immunofluorescence and
Boun’s fluid for morphological analysis. Finally, testicular tissues
from three cattle, four yaks, five cattle-yaks, or three backcrossed
offspring were pooled for library construction and scRNA-seq, re-
spectively. Notably, each sample used for scRNA-seq was processed
separately for histological and cytological analyses.

Sample digestion for single-cell RNA
sequencing

Testicular samples from yak, cattle, cattle-yak, and BC1 males were
collected to prepare single-cell suspensions by taking appropriate
slices from specific species. Single-cell suspensions of testicular tis-
sue were prepared by a two-step enzyme digestion method.
Briefly, fresh testicular tissue was washed three times with
Dulbecco’s phosphate-buffered saline (DPBS) and then digested
with 1 mg/mL collagenase type IV (Sigma-Aldrich) at 37 °C until
the seminiferous tubules became loose for approximately
20 min. After natural sedimentation of the digestive mixture on
ice, the supernatant was removed. The remaining tissues were
washed once with DPBS and further digested by adding 0.05% tryp-
sin-0.04% ethylene diamine tetraacetic acid (TE, Sigma-Aldrich)
and 1 mg/mL hyaluronidase (Sigma-Aldrich) for 30 min. The diges-
tion was terminated with medium (Dulbecco’s modified Eagle’s
medium/nutrient mixture F-12 (DMEM/F12) containing 10% FBS)
after most tubules were completely digested. After filtration using
a 70 um sieve and collection by centrifugation at 400 x g for 8 min,
the cells were resuspended and then treated with red blood cell ly-
sis buffer (Solarbio Life Sciences, R1010, Beijing, China) to remove
red blood cells, followed by washing with DPBS two times. After
that, the cells were resuspended in cold sample buffer provided

by the Single Cell Capture and cDNA Synthesis Kit (Cat. No.
633731) within the BD RhapsodyTM single-cell analysis system
and used for single-cell library construction and sequencing fol-
lowed by counting with 27200 cells, and the percentage of viable
cells was >85% for every sample.

scRNA-seq library construction and
sequencing

Each sample was subjected to single-cell 3" whole-transcriptome
amplification (WTA) (Doc ID: 210966) to construct a single-cell li-
brary in a BD Rhapsody system (Becton, Dickinson and Company,
New Jersey, USA). The cell suspension was loaded into a special
U-shaped groove using a BD Rhapsody Cartridge Kit (Cat. No.
633733), and the cells naturally settled into the micropores. Then,
excess magnetic beads with cell labels and unique molecular iden-
tifier (UMI) sequences were loaded to ensure that the vast majority
of micropores fell into the magnetic beads, which captured the
MRNA released after cell lysis. After the cell capture beads were re-
trieved and washed several times, standard sequencing libraries
were constructed through reverse transcription with the help of a
BD RhapsodyTM cDNA Kit (Cat. No. 633773) and cDNA amplification
using a BD RhapsodyTM WTA Amplification Kit (Cat. No. 633801).
Finally, the libraries were sequenced on an Illumina NovaSeq
sequencer with 150bp paired-end reads at Novogene
Bioinformatics Technology Co., Ltd. (Tianjing, China).

scRNA-seq data analysis

In accordance with the BD Rhapsody pipeline, the generated raw
scRNA-seq data were processed for a quality check via fastp
(v0.23.0) (Chen et al. 2018), and the raw reads of Readl and
Read2, which later contained cell labels and UMI and gene informa-
tion, respectively, were qualified for subsequent analysis. The
reference genomes of taurine cattle (ARS-UCD1.2, GenBank:
GCA_002263795.2; gene annotation file: Bos_taurus.ARS-UCD1.
2.102.gff3.gz) were used for cattle, cattle-yak and BC1 (Rosen
et al. 2020), whereas a newly assembled domestic yak reference
genome (NWIPB_DYAK_1.0, GenBank: GCA_027580245.1) gener-
ated in our previous study was used for yak, cattle-yak, and BC1
(Gao et al. 2022). The index of the genome was established via gen-
ome files and annotation files, and the reads were mapped to the
reference genome by STAR (Spliced Transcripts Alignment to a
Reference) (v2.7.1a, https://github.com/alexdobin/STAR) (Dobin
et al. 2013). With the default parameters (Smith et al. 2017), the
reads were analyzed via UMI tools and a pipeline (https://umi-
tools.readthedocs.io/en/latest/index.html) to obtain cell count ma-
trices after cell identification, barcode extraction, read filtration and
assignability to genes, and molecular counting. We removed the po-
tential doublets of each sample using scDblFinder package (v1.12.0)
and then performed subsequent analysis as described previously
(Germain et al. 2020).

Seurat analysis

The generated matrices were processed by using the Seurat
package (v3.2.0, https://github.com/satijalab/seurat) (Butler
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et al. 2018; Stuart et al. 2019), and the lower-quality cells with the
characteristics of genes expressed in fewer than three single
cells, no more than 200 genes expressed in a cell, and cells
with more than 5% mitochondrial sequence were discarded.
The generated data were normalized through “LogNormalize,”
“FindVariableFeatures” was used to calculate highly variable
genes, and the threshold was set at 2000. For the subsequent
principal component analysis and cluster analysis, 25 principal
components (PCs) were chosen based on elbow plots and stable
variance, and check_duplicates were set to FALSE for nonlinear
dimension reduction (uniform manifold approximation and pro-
jection for dimension reduction, UMAP) analysis (Becht et al.
2019), which reduces the cell distribution to two-dimensional
space for downstream analysis. The clusters were identified us-
ing “FindClusters” with the parameter “resolution =0.6" for sin-
gle sample analysis based on clustree package (v0.5.0), and the
data structures were visualized by UMAP. The genes within clus-
ters were identified through “FindAllMarkers followed by marker
gene screening with the parameters “min.pct=0.25", “logfc.-
threshold =0.25,” and “p_val_adj < 0.05.”

Cell type identification and functional
enrichment analysis

The relationship between each cluster and cell type was
established according to the cluster-enriched genes and known
marker genes for testicular germ cells and somatic cells in the
published literature. The DEGs within the same cell types
between cattle, yak, cattle-yak, and BC1l were identified
using the “FindMarker” function in the Seurat toolkit (v3.2.0,
https://github.com/satijalab/seurat) with the following parame-
ters: “min.pct=0.25," “logfc.threshold =0.25,” and “p_val_adj
<0.05.” For the Seurat toolkit with the Wilcoxon test and
Bonferroni correction, the screening parameters were “min.pct
=0.25," “logfc.threshold =0.25,” and “padj_val <0.05.” The g:
Profiler website (https://biit.cs.ut.ee/gprofiler/gost) was used
for GO enrichment analysis, and the built-in Benjamini-
Hochberg method was used for correction. P,q4; < 0.05 was used
as the criterion for significance screening.

Integration analysis of diverse cell
subtypes

For multisample integrative analysis, germ cells were extracted
from cattle and yak and then integrated for exploration of normal
germ cell development with complete spermatogenesis. The
Pearson correlation coefficient between the yak and taurine cat-
tle germ cell subtypes was analyzed via the corr.test function in
the psych package (v2.4.6). The spermatogonia were also ex-
tracted (cattle, yak, cattle-yak, and BC1) and integrated to fur-
ther classify the spermatogonial subtypes and DEGs in hybrid
offspring of yak. All spermatocytes were extracted and integrated
for identification of the subtypes and DEGs in cattle-yak and BC1.
Similarly, the spermatids extracted from cattle, yak and BC1
were then grouped, and the DEGs in BC1 were screened. Each
germ cell subtype for both cattle-yak and BC1 was extracted
based on the results of the reference genomes of Bos taurus

and Bos grunniens. Data integration for each germ cell subtype
from two or more samples was performed via reciprocal
principal component analysis (Song et al. 2023). The input data
were the list of Seurat objects and then used by the
“FindIntegrationAnchors” function in the Seurat toolkit (v4.2.1,
https://github.com/satijalab/seurat) to identify the anchors,
which were then passed to the IntegrateData function in the
Seurat toolkit and returned to the Seurat object. The new assay
for multiple samples thus resulted from the integration of the
corresponding expression matrices (parameter “dims =1:25").
Cell cluster analysis was performed again on the basis of the
UMAP method (Becht et al. 2019), and the parameters in
FindClusters were resolution =3.2 for the integration of sperm-
atogonia, spermatocytes and spermatids.

Cell trajectory analysis

Cell pseudotime analysis for single germ cells was used to detect
the cell differentiation trajectory and the sequence of the cell de-
velopment process according to different cluster, state, and
pseudotime values. The Monocle 2 package (v2.10.1) (Qiu et al.
2017) was used in the analysis of the developmental trajectories
of the germ cells. DEGs were identified and further subjected to
pseudotime analysis with a threshold of p_val_adj <0.01. DEGs
were stored in Seurat objects, which were then reduced to two
dimensions via the discriminative dimensionality reduction
with trees (DDRTree) method (Trapnell et al. 2014). Heatmaps
for the genes used in the pseudotime analysis were generated
by using the plot_pseudotime_heatmap function in the Seurat
toolkit (v3.2.0, https://github.com/satijalab/seurat).

Genome-wide identification of structural
variations

SV analysis was performed as described previously (Sedlazeck
et al. 2018). Briefly, the genomes of a female taurine cattle
(Bos_taurus.ARS-UCD1.2) and the Y chromosome of a male taur-
ine cattle (Btau_4.6.1) were merged into the taurine genomic file.
Third-generation sequencing data from 3 taurine cattle and
26 yak samples (accession number PRJNA540974) were
aligned with the ARS-UCD1.2 genome via NGMLR (v0.2.7,
https://github.com/philres/ngmlr), followed by sorting and in-
dexing with SAMtools (v1.8, https://github.com/samtools/
samtools) (Danecek et al. 2021). The program cuteSV (v1.0.11,
https://github.com/tjiangHIT/cuteSV) was used to call SVs for
each individual with parameters (—max_cluster_bias_INS 100 -
diff_ratio_merging_INS 0.3 -max_cluster_bias_DEL 100 -diff_
ratio_merging_DEL 0.3) for the nanopore data or parameters
(—max_cluster_bias_INS 100 -diff_ratio_merging_INS 0.3 -
max_cluster_bias_DEL 200 -diff_ratio_merging_DEL 0.5) for the
PacBio data (Jiang et al. 2020). The VCF files were merged using
the “5011 -1 -1 -1 —1" parameter of SURVIVOR (v1.0.7, https://
github.com/fritzsedlazeck/SURVIVOR) software (Jeffares et al.
2017). Each sample at all SV breakpoints was genotyped, and
all mapping results were mapped via cuteSV software with the
option “-genotype.” The data were subsequently filtered with
the parameters (—max-missing 0.5-mac 3-minQ 30) of vcftools
(v0.1.17, https://vcftools.github.io/) to remove unreliable SVs.
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Finally, the data were annotated with VEP (https://asia.ensembl.
org/index.html?redirect=no). The FST (fixation index) values
were calculated via vcftools (v0.1.17) (Danecek et al. 2011), and
the SV with a high FST value (top 0.5%) was used as a candidate
SV for downstream analysis as previously described (Gao et al.
2022). The results revealed that 6,733 genes carried SVs (Gao
et al. 2022). Furthermore, we screened for genes expressed in
the testes of yak and taurine cattle that carried SV, resulting in
the “SV gene” list containing 6,204 genes (Table S9).

Association analysis between SVs and
differential gene expression

To examine the associations between SVs and differential gene
expression using bulk RNA-seq data, testicular RNA-seq data
were downloaded from the National Center for Biotechnology
Information (n=6 yak, n=6 cattle, and n=6 cattle-yak)
(Table S9). The data were aligned via HISAT2 software (v2.2.1)
and then normalized via the featurecounts program of subread
software (v2.0.6) to obtain the expression matrix. The matrix
was analyzed with the R package DEseq2 (v1.34.0) for differential
expression analysis. Genes with a P,4j < 0.05 and an absolute val-
ue of log2FoldChange > 1 were considered DEGs. We detected
7741 DEGs in cattle-yak compared with both yak and cattle
and further obtained a list of overlapping genes (DEGs.SV,
2211) compared with 6204 SV genes (Table S9). We also inte-
grated the yak reference genome and the taurine cattle reference
genome to obtain a background set (all genes, 23158), which
were expressed in the testes of taurine cattle, yak, cattle-yak,
and BC1 (Table S9). Association analysis between DEGs in the tes-
ticular transcriptome and the SV gene was performed via Fisher’s
exact test.

To examine the relationships between SVs and differential
gene expression in various spermatogenic populations using
scRNA-seq data, DEGs identified from various germ cell subtypes,
including the ones DEGs that were dysregulated in cattle-yak but
restored in undifferentiated spermatogonia; differentiated
spermatogonia, primary spermatocytes, and secondary sperma-
tocytes of BC1; and DEGs in round and elongated spermatids of
BC1 compared with those in yak and cattle (Table S10). To ex-
plore the relationships between these DEGs in cattle and the
6204 SV genes, associations were calculated via Fisher’s exact
test (two-sided), and the P values were corrected for multiple
testing using the test (two-sided) Benjamin-Hochberg method.
To examine the overlap between DEGs and differential protein
abundance, 1,096 genes that were dysregulated in spermato-
cytes of cattle-yak but restored in those of BC1 were screened
in a previously published proteomic dataset, which included
637 differentially DAPs in spermatocytes of cattle-yak (Wu et al.
2023).

Chromosome spreading across meiotic
stages

Spermatocyte nuclear spreads were carried out as previously de-
scribed (Li et al. 2020). The frozen testicular tissue was thawed in
a water bath at 37 °C, cut into pieces and resuspended after being

washed three times with DPBS. The tissue was left standing on
ice for 3 min, and 1 mL of the supernatant was used for centrifu-
gation to collect the cell precipitates. After resuspension in
500 uL of normal saline, the cell suspension was reacted in
500 uL of hypotonic solution (30 mM Tris-Cl, 50 mM sucrose,
17 mM sodium citrate, and 5 mM EDTA in ddH,0) at room tem-
perature (RT) for 20 min. After centrifugation at 5,000 rpm for
4 min, the ruptured cell precipitates were resuspended in
200 pL of 100 mM sucrose solution. A 20 uL cell suspension was
evenly spread on slides soaked in 1% PFA and placed in a hot
and wet box. After 2 h, the lid was lifted, and the sample was
slowly dried. The slides were washed twice with 0.2%
PhotoFlo200 once per minute, placed in antibody dilution buffer
(ADB, 1% BSA, 0.1% gelatin, and 0.5% Triton X-100) for 1 h and
dried at RT. The primary antibody was diluted with ADB, dropped
onto slides, sealed with rubber cement, and incubated at 37 °C
for 24 h. After removing the cement, the slides were immersed
in PBS for 15 min to automatically detach the cover glass. The
cells were soaked in ADB for 1 h and dried, and then the second-
ary antibody was added and incubated at 37 °C for 2 h. After
washing with PBS for 1 h, the slices were stained with H33342,
mounted in 50% glycerin, and examined under a fluorescence
microscope (Lecia, Germany). The information on the antibodies
used in this study is listed in Table S12.

Statistics and reproducibility

Statistical analysis of testis weights for cattle, cattle-yak, yak,
and BC1 was performed by two-tailed ANOVA with Tukey’s mul-
tiple comparisons test; the confidence interval was 95%. All
quantitative data from at least three independent biological rep-
licates of testicular cells were counted, and two-tailed t tests
were used to statistically determine the differences between
the means. The significance levels were set to *P<0.05, **P<
0.01, and ***P<0.001. All the data are shown as the means +
SDs and were analyzed with GraphPad Prism software (v7.01).
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